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 Recently, the importance of quantifying the success of stream/river restoration projects 
has become a priority in restoration. The absence of ecological monitoring of stream restoration 
has been made very evident, resulting in the questioning of the viability of restoration activities 
that have taken place, the ecological approaches used and of restoration as a field of study as a 
whole. Priority has been set towards illustrating what a successfully restored stream should 
consist of with development of conceptual frameworks. My study builds upon that concept, by 
drawing a methodological framework that illustrates how successful stream restoration projects 
should be quantified using a stream restoration monitoring protocol; asking the question whether 
a stream restoration monitoring protocol can be created and whether it can appropriately quantify 
the success of restored stream reaches; further, what assessment technique(s) are best suited for 
monitoring; ecological, geomorphic or a hybrid approach. In Waterloo, Ontario 29 restored test 
stream reaches were assessed using benthic macroinvertebrates. Benthos community 
composition was described using Family Richness, Simpson‟s Diversity, % EPT, and % 
Chironomidae. The same reaches were also assessed using a geomorphic assessment technique I 
designed for this study, which focused on channel stability measures and substrate type as 
habitat. The methodology was then used to develop information on disturbed (n=7) and natural 
(n=5) reference reaches in Waterloo. The reference condition approach was used to quantify the 
relative placement of the restored test streams to reference condition. The ecological assessment 
technique was best able to quantify the success of a restored reach, by showing linear 
relationships between benthic metrics in a PCA analysis (0.657). The geomorphic approach, as 
analyzed by a Non-metric multidimensional scaling test did not consistently evaluate or 
significantly distinguish between restored reaches and reference conditions, shown by a stress of 
25.31. However, a canonical correspondence analysis showed that there are some relationships, 
although weak, between the ecological approach and geomorphic approach (0.696; p=0.03). This 
study showed that it is possible to quantify the success or lack of success of restored stream 
reaches and it is recommended that a hybrid approach be used when monitoring for stream 
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Chapter 1.0 - Introduction 
 
Ecological restoration is primarily concerned with the response and actions taken towards 
degradation (point-source pollution, loss of habitat) often related to anthropogenic activities.  
This has been shown through the expanse of research focused primarily on the response to 
degradation, by seeking novel approaches to solving ecosystem problems (Ehrenfeld and Toth 
1997; Holl et al. 2003; Suding et al. 2004; Manning et al. 2006).  As a result, monitoring 
initiatives undertaken to measure the success of restoration activities and its goals have been 
minimal.  The field of restoration is in need of a re-oriented approach that includes the study of 
the response of a system to restoration as well as developing techniques to enhance the practice 
of restoration (Choi 2003).  
The introduction of the concept of “dynamic systems” (flux of nature and disturbance 
regimes) to ecology was the transition to the development of new concepts and tools for 
repairing degraded lands (Chapman 2006).  With the creation of new concepts and tools for 
ecological restoration, ecologists have struggled through the development of a universally 
consistent terminology in both that field, as well as those coming from contributing fields and 
theories.  Therefore, it has been difficult to determine what classifies as successful restoration. 
And, it has been exemplified by the conflict whether restoration should seek the use of 
restoration goals or endpoints or whether restoration should seek to continue working on an 
upwards path towards a “restored” condition (Bradshaw 1996; Ormerod 2003).  Conceptual 
thinking has largely solved the problem of end-points through the use of goal or target setting, 
and the creation of desired attributes for a given restored system (Hobbs and Harris 2001; 
Ormerod 2003).  However, critics of Hobbs and Harris (2001) and Omerod (2003) are struggling 
with the goal-setting concept.  These individuals suggest that the success of a restoration project 
cannot be determined by meeting goals, due to the fact that the goal is simply unknown or not 
systemically determined (Grayson et al. 1999; Hackney 2000; Wilkins et al. 2003; Ryder and 
Miller 2005).  
Despite conflicts in theory, the Society for Ecological Restoration (SER) journal, the SER 
Primer for Ecological Restoration, has adopted the concept of goal setting. The SER describes 
the fundamental goal of a restoration activity as a system which “contains sufficient biotic and 
abiotic resources to continue its development without further assistance” and to which “potential 
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threats to the health and integrity of the restored ecosystem have been eliminated (SER 2002).” 
Through the evolution of goal setting and establishment of what constitutes a restored ecosystem, 
the research began to acknowledge the need to recognize whether or not a restored system has 
successfully re-obtained its biotic and abiotic resources and has eliminated threats to its integrity 
(Suding et al. 2004).  The use of goal setting is important to be able to assess the success of a 
restoration activity.  Without establishing the direction a restoration activity should take, it is 
difficult to assess whether the goal(s) have been accomplished and ecosystem function and 
services are re-established (Hobbs and Harris 2001; Hobbs 2003).  
Researchers have been conceptually tackling the dilemma of what constitutes 
ecologically successful stream restoration in the field, and have been developing theoretical 
criteria and standards for the various disciplines of restoration (Palmer et al. 2005; Gillian et al. 
2005).  This has become an important element of restoration because of evidence that restoration 
projects have tried to re-instate processes not historically known to the landscape, specifically in 
stream channel form (Kondolf 2006).  Analysts are emphasizing the importance of post-
restoration monitoring, and working on the development of protocols, which impose rigorous 
post-restoration assessment strategies.  Palmer et al. (2005) describes that the challenge ahead is 
to determine whether the standards and criteria that have been conceptually devised, and can be 
implemented as an in-field assessment protocol (Palmer et al. 2005).  It also has to be 
acknowledged which indicators may provide the appropriate information for determining the 
successful restoration of a given system (Palmer et al. 2005).  This involves the trial of numerous 
indicators and the possible creation of new ones that may satisfy the need to evaluate particular 
restored systems.  Roni et al. (2005) suggests numerous different techniques for measuring 
stream restoration success and emphasizes the importance of integrating different monitoring 
approaches (e.g. ecological and geomorphological).  
With the call for the design and trial of in situ techniques for quantitatively evaluating the 
success of restoration activities, the assessment protocol must be discipline specific (Bash and 
Ryan 2002).  Qualitative measures have been utilized to access restoration activities, but are 
difficult to replicate and primarily deal with the social values gained in regards to the activity.  
The feedbacks of assessments focusing on social values may overlook an absence of increase or 
decrease in ecosystem services or processes.  Qualitative measures for assessing restoration 
success, as described by Buckley and Haddad (2006), is a whole realm of study in itself and does 
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not fit within the scope of this study.  Recently Jones and Hanna (2004) have conducted trials for 
coastal shoreline restoration, and post-restoration success, utilizing soil stability indicators for a 
case study on a specific coastal classification type.   
This project is focused upon filling a gap in the literature by contributing to the study of 
fluvial systems, by testing geomorphic and ecological indicators associated with the channel and 
its aquatic integrity.  Similarly, other projects have begun to test various methods of stream 
channel restoration practices, such as the role of woody debris, boulders and importance of 
vegetative cover in riparian zones (Angradi et al. 2004; Lepori et al. 2005b; Rios and Bailey 
2006). 
  Researchers from all different disciplines of ecological restoration are struggling to fill 
the gap in literature of various disciplines for the practitioners in the field.  As science continues 
to work into the gaps of knowledge, it is becoming more evident that indicators have to be 
developed into the sub-discipline levels, because or since generic evaluation strategies cannot 
provide the consistency in measuring the success of restoration necessary.   
1.1 Problem 
The practice of ecological restoration of is in its infancy.  Yet, ecological restoration is 
evolving and rapidly adapting new applications for different environments, including prairies, 
wetlands as well as riparian areas and many more.  Much of the practice of ecological restoration 
is based upon the activity itself, and has become a catch phrase; where pollution ecologists strive 
to restore the soil, and fisheries biologists seek to restore collapsed fish stocks (Ormerod 2003). 
Despite all the action, and novel approaches to the restoration of various habitats, restoration has 
been subject to criticism over how to measure the success of a restoration activity.  Hobbs and 
Harris (2001) discuss this need of measurement and appropriate goal setting.  As they note, many 
different measurement techniques have been adopted, but these assessments are generally more 
useful for evaluating conservation status (Hobbs and Harris 2001).  More recently, and specific 
to stream restoration conceptual frameworks have been developed for stream restoration that 
suggest what an ecologically successful restoration activity should consist (Palmer et al. 2005; 
Gillilan et al. 2005).  However, little effort has been spent on establishing a method of testing 
success in the field (Bash and Ryan 2002).  Therefore, further research is needed to pursue ways 
of determining a methodological framework which conforms with the accepted concepts of what 
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a successful stream restoration activity consists of.  Then, test the methodological framework in 
the field to determine whether restoration success can be quantified.  This has begun in some 
fields.  Jones and Hanna (2004) began to integrate monitoring into the practice of shoreline 
restoration in order to measure short term goals, as well as others in various restoration 
disciplines.  Despite the use of restoration monitoring in other fields, the current absence of a 
consistent methodological framework for stream restoration places practitioners at a 
disadvantage when developing the design of a restoration project.  This weakens monitoring 
initiatives due to the absence of comparison to sites of similar stream channel characteristics, and 
also due to the overall lack of knowledge transfer between practitioners. 
1.2 Primary Question 
Can a post-restoration monitoring and evaluation model be devised that effectively 
assesses the success of stream restoration projects by developing an approach which draws on 
both fluvial geomorphic and ecological theories? 
1.21 Sub-questions 
Q1. Is one evaluation method, ecological or geomorphic assessment better able to 
distinguish the success of a given stream restoration activity? 
  Q2. Or, would the monitoring and evaluation of restored stream reaches, based on a 
hybrid approach that uses indicators drawn from both geomorphological and ecological theories, 
provide a more informed understanding of the relative success of restoration? 
1.3 Hypotheses 
I hypothesized that stream restoration activities, as measured by the designed evaluation 
protocol in the proposed study will provide reliable quantitative feedback that will indicate the 
success, of a given restored stream reach.  Therefore, the protocol will be able to demonstrate the 
effectiveness of the ecological and fluvial geomorphological techniques adopted in the study.  I 
hypothesized that both ecological and geomorphic approaches will perform equally well on their 
own, as various ecological and geomorphic techniques have been used to assess restoration 
activities in the past (Kondolf 1995; Ryder and Miller 2005; Lepori et al. 2005b).  Further, by 
testing two distinct approaches in the evaluation of stream restoration, it will be possible to 
determine whether a hybrid approach to restoration monitoring will provide a more informed 
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decision base for the success of a given restoration activity.  A result of apparent relationships 
between ecological communities and geomorphic function discussed by both geomorphologists 
and ecologists (see Kondolf et al. 2003; Sullivan et al. 2004, 2006; Lepori et al. 2005a) it was 
thought that a hybrid approach would provide a thorough indication of the relative success of the 


















Chapter 2.0 – Introduction to the Methodological Framework 
2.1 Review of the Literature 
 As I introduced in the problem section, the field of ecological restoration is in its infancy 
and has been steadily developing and expanding into numerous different disciplines.  Therefore, 
a great deal of research is still being focused upon theoretical aspects of the field to 
conceptualize the basic understanding of how restoration should be undertaken (Allison 2007; 
Temperton 2007).  Despite the many questions at the foundation of the science, much time and 
effort has been extended into finding techniques to restore ecosystem conditions in all types of 
environments.  However, to understand the creation of techniques for restoration, the basic 
background of restoration must be acknowledged as well. In reference to this study, the role of 
ecology and fluvial geomorphology in the development of stream restoration and their 
methodological techniques are of particular interest. 
 Ecological (or ecosystem) restoration is one of the many applied fields that 
emerged from ecological theory, as well as from social and economic theories (Choi 2003).  
Numerous different studies have revealed new ideas for the conceptual approach to ecological 
restoration and how the systems that are studied should be perceived (Suding 2004; Chapman 
2006).  Here, I focus on the application of ecological theories, and how they pertain to 
monitoring for restoration success. 
To define restoration and whether a system has been successfully restored we must be 
able to define an ecosystem and ecology because we must be able to work within its basic 
framework (Ehrenfeld and Toth 1997).  Also, it is extremely important that practitioners be able 
to satisfactorily define all the components of an ecosystem, its boundaries, and all its flows 
before it is even possible to attempt a restoration strategy for an ecosystem, let alone delineating 
a trajectory towards its outcome (Ehrenfeld and Toth 1997).  Anand and Desrochers (2004), 
show that the complexity of ecological restoration itself must not be simplified by using 
rudimentary definitions of ecosystem.  Odum (1969) defined an ecosystem as “a unit of 
biological organization, with interactions within its system so that a flow of energy leads to 
characteristic trophic structures and material cycles within the system.”  Kay (1993) proposed 
that the definition for ecology and ecosystems should also encompass the concepts of how 
conditions are continuously changing throughout space and time.  This relates to the idea of the 
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“flux of nature” which was alluded to in the introduction.  The concept of disturbance regimes 
versus states of equilibrium (i.e. climax communities) in ecology plays an important role in 
ecological restoration (Chapman 2006).  Suding et al. (2004) also discussed disturbance, but also 
the use of succession and the idea of feedbacks in alternative states, which may help to predict 
system collapse; an important element in monitoring for restoration success.    
The initial role of ecological restoration was to be the “acid test” for ecological theories, 
and test the foundations and knowledge of ecology in the field (Bradshaw 1987; Michener 1997; 
Young et al. 2005).  Ecological restoration has been the catalyst that has brought about greater 
understanding to various disciplines of ecology (e.g. plant ecology) (Young et al. 2005).  
Therefore, it can be acknowledged that the relationship between ecological restoration and 
ecology can be viewed as mutualistic.  However, Lake et al. (2007) suggests that this transfer 
between ecological theory and restoration has not been occurring in stream restoration projects; 
the focus has rather been on implementation strategies.      
The role of geomorphology in ecological restoration is the same as its ecological 
counterpart, often being used as a tool for restoration.  However, geomorphology and, more 
specifically with reference to my study; fluvial geomorphology does not make up the backbone 
of restoration in the way that ecological theory does.  Geomorphology can be more easily 
defined as a tool for restoration, and restoration, therefore acts as an “acid test” for 
geomorphology theory.  Newson and Sear (1998) describe fluvial geomorphology as the science 
that studies the evolution and behaviour of river channels at various scales from cross-sections to 
catchments.  The science also studies the range of processes and responses through a time scale 
(Newson and Sear 1998).  Kondolf et al. (2003) suggest that geomorphology is an appropriate 
management and monitoring tool for restoration, as it is possible to test the effects of restoration 
practices, and determine the lifespan of given restored habitats based on aquatic habitat 
monitoring.  It is through aquatic habitat monitoring that the roles of geomorphology and 
ecology become importantly linked in the design of post-restoration monitoring strategies.  
Therefore, it can be observed that geomorphic indicators provide feedbacks on the ecological 
integrity of a watercourse, and similarly the ecological indicators for geomorphic integrity.    
2.11 Goal Setting in Ecological Restoration 
In the field of ecological restoration and monitoring, the importance of setting goals 
cannot be understated.  Establishing a strong restoration goal(s) and objectives provides benefits 
8 
for the restoration activity itself, in terms of defining the trajectory of the activity, but it also 
provides a starting point which monitoring can be conducted from.  
Throughout the use of ecological restoration there have been different forms of goal 
setting.  Historical use of goal setting focused on setting specific restoration endpoints, where a 
particular community of organisms was the expected result.  Although this method does provide 
a basis from which monitoring can start from, it does not account for ecological processes, such 
as disturbance, and evolution (Lake et al. 2007).  By not taking into account ecological 
processes, the potential for restoration success is minimal if it is compared to the original goal.   
The approach that is now receiving growing recognition is the use of “futuristic” 
approaches, and the use of dynamic goal setting.  Choi (2003) described a “futuristic” approach 
to ecological restoration and acknowledged the unpredictable nature of ecological communities 
and ecosystems.  Palmer et al. (2005) describe the use of establishing a dynamic goal or a 
“guiding image” in river restoration, suggesting that the successful restoration of system process 
is greater.  For the use of dynamic goal setting, the monitoring strategy must be dynamic as well, 
but must also work off from a basic monitoring framework, which can easily adopt new 
parameters as a restored site evolves.  This is the reason why the collection of baseline data is 
crucial before establishing attainable goals for a restoration activity (Lake 2005).  
2.12 Ecological Restoration and Monitoring 
Scientists have been so devoted to, and interested in, utilizing restoration as the means  to 
test theories in ecology, geomorphology and various other disciplines but the practice of 
ecological restoration monitoring and its theories has remained untested.  This has left vast 
crevasses in literature related to the post-monitoring of the effectiveness of the techniques and 
the ecosystems that have been “restored.”  It has been only until recently that this gap in the 
literature has been identified, and studies have begun to broaden the restoration framework to 
encompass post-restoration monitoring strategies and standards (Bash and Ryan 2002; Alexander 
and Allen 2006; Bernhardt et al. 2007).   
Bash and Ryan (2002) provide significant evidence to suggest that post-restoration 
monitoring has not been conducted, or has been conducted but assessment parameters varied, 
providing insufficient information and suggest that standardized monitoring guidelines should be 
established.  In Monitoring Stream and Watershed Restoration, Roni (2005) re-iterates the 
findings of Bash and Ryan, stating that only 10% of stream restoration projects were monitored.  
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Also in 2006, Alexander and Allen tabulated the number of projects in the upper Midwest United 
States which had undertaken a monitoring strategy and concluded the same result as the earlier 
studies had done.  Most recently, O‟Donnell and Galat (2007) found that only 34% of projects in 
the Upper Mississippi River Basin were using quantifiable methods to evaluate project success; 
many of these projects failed to collect data before and after restoration.  Thus making it 
impossible to compare future field based assessment results.  In another study, it was shown that 
two-thirds of restoration projects completed in the United States were said to have been 
completed successfully, even with the absence of measureable objectives (Bernhardt et al. 
(2007).  Even with cost of stream restoration activities in the United States (which included in-
stream habitat enhancement, channel stability and improvement of water quality projects) being 
estimated at $1 billion per year (Bernhardt et al. 2007); there was no still evidence of an increase 
use of monitoring techniques (Alexander and Allen 2006).  As a result of the lack of monitoring 
in restoration, the learning curve of the field and various techniques employed has been inhibited 
(Alexander and Allen, 2006; Lake et al. 2007); as well as ecological theory itself.  
A significant aspect of addressing the need for monitoring is the observed absence of 
funding for such endeavors.  Long term monitoring is expensive, and funding agencies have not 
provided incentives to undertake the task (Bash and Ryan, 2002).  However, this situation 
provides a catch-22, such that if restoration is not proven to be successful it will lose public 
support (Woolsey et al. 2007). 
 Due to the growing evidence of poor monitoring protocols, research has set about 
determining appropriate frameworks to evaluate successful restoration.  Palmer et al. (2005) 
developed a set of conceptual standards for river restoration that addresses this need for post-
restoration monitoring.  Similarly, key issues of poor monitoring regimes were discussed in Roni 
(2005).  However, in both cases the monitoring frameworks developed were theoretically based 
and formulated on suggestions for evaluating various stream restoration activities.  A possible 
explanation for the slow shift to restoration monitoring is provided by Allen et al. (1997).  From 
a workshop organized by the National Science Foundation (NSF), attendees of a number of 
different disciplines commented upon the use of ecological restoration.  Allen et al. (1997) 
suggested that the absence of a strong methodological framework to be utilized to perform basic 
research has been deterring ecologists and conservation biologists from becoming involved in 
ecological restoration.  However, in order to bridge the gap between design and practice, 
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methodological approaches must be undertaken to determine effective means to monitor 
restoration.  Holl et al. (2003) acknowledges that the development of methodological studies for 
post-restoration monitoring is difficult, primarily due to variation between sites.  Generally, 
empirical studies focus on procedures that rely heavily on replication, or the study of a highly 
specific method of stream restoration, such as the role of woody debris as described in Angradi 
et al. (2004). However, a dataset of restored sites maintaining identical characteristics is rare.  
Holl et al. (2003) suggests that research endeavors should not get discouraged by heterogeneity 
of restored sites.  Therefore, in order to successfully quantify the success of restoration activities, 
the variations between sites must be taken into account.  For example, criteria for site selection 
must use general classification schemes (e.g. Rosgen‟s channel classification) on a landscape 
scale to minimize site specific noise of minor soil variations, or vegetation communities. 
The appropriate use and, therefore, potential success of a monitoring strategy is largely 
dependent upon the type initiative undertaken.  Roni (2005) describes the types of monitoring 
techniques that can be adopted for restoration; baseline, status, trend, implementation, 
effectiveness, and validation.  It is important to recognize that all types of monitoring are equally 
important, but they are dependent upon the goal of the monitoring exercise.  In order to design an 
appropriate monitoring strategy, careful consideration must be taken into determining which type 
is best suited for a particular monitoring initiative. 
More specifically in regards to the discipline of river/stream restoration, a significant 
amount of discussion and research has been conducted on a conceptual approach what 
methodological frameworks should be based upon.  Boon (1998) began discussing the 
importance of river restoration by exploring restoration through a series of dimensions, 
understanding the conceptual, spatial, temporal, technological and presentational dimensions.  A 
number of other approaches have been taken which have been generally associated with the 
setting of restoration goals and methodologies that the goals will meet (Kondolf 1995; Ehrenfeld 
2000; Pedroli et al. 2001; Palmer et al. 2005).  Criteria for measuring success by using goals was 
proposed by Palmer et al. (2005) and supported by Gillilan et al. (2005).  These are among many 
guidelines that have already been published that deal with how or what parameters should be 
included into a monitoring (MacDonald et al. 1991; Bauer and Ralph 1999; Kaufmann et al. 
1999; Pollock et al. in Roni, editor).  Acceptance of methodological standards for monitoring can 
allow for the design of rigorous and appropriate monitoring strategies.  In order to design 
11 
appropriate restoration monitoring activities, the goals of the initial restoration activity must be 
clearly understood and accounted for.  Therefore the monitoring design must reflect the goals, 
and choose the appropriate parameters to determine whether the goals have been met. Also, the 
information gathered must be able to provide feedback to the original management decisions 
(Palmer et al. 2005; Roni et al 2005; in Roni, editor).  This allows for adaptation to the original 
design, which could prevent the result of restoration failure, or re-evaluating the scale of the 
original goals, to achieve the next level of restoration success.   
In light of the obvious recommendations on the importance of goal setting and feedback 
to the initial restoration design and management decisions, generally much of the criteria lack 
emphasis upon specific testable parameters for the post-monitoring of river restoration activities, 
which provide the necessary insight into successful restoration.  This is due to the fact that there 
are few thorough quantitative evaluations of stream restoration projects have been undertaken 
(Roni et al. 2005; in Roni, editor).  In the existing evaluative methods, the current literature 
shows conflict between fields of thought in the restoration community and the indicators that 
should be further developed to monitor restoration of stream/river systems.  This conflict 
concerns how restoration monitoring should be undertaken.  Ryder and Miller (2005) suggest 
that the Hobbs and Harris (2001), Harris (2003), and Lake (2005) perspective of utilizing 
ecological/stability based techniques to evaluate system structure does not indicate a viable 
system.  Those that support the Ryder and Miller (2005) view, suggest that biological 
communities in ecosystems provide the indicators necessary to suggest whether a restoration 
activity can be deemed as successful.  Due to ecological restoration‟s diverse background, 
conflicting views of how to approach the various dilemmas found within the field are common 
and are to be expected.    
In relation to the conflict in the use of indicators and minor acceptance for standards for 
successful restoration, restoration and monitoring activities are still not appropriately evaluated 
and lack systematic approaches (Ryder and Miller 2005).  Presently, a number of different 
indicators have been utilized to pursue accurate assessment of river restoration projects.  Water 
quality, through the use of nutrient indicators, and chlorophyll for biological productivity are two 
examples of biological and ecological indicators utilized.  Lepori et al. (2005b) utilized benthic 
macroinvertebrate sampling to assess the effectiveness of in-stream structures.  Geomorphic 
indicators of percent moisture, vegetation cover, and substrate have also been recommended 
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Roni et al. (2005; in Roni, editor).  Indices have also been developed that measure the stability of 
stream channels, most notably were the methods constructed by Rosgen (2001).  Another 
strategy commonly adopted by southwestern Ontario conservation authorities is the Rapid 
Geomorphic Assessment; a highly qualitative personal judgement based activity.  However, due 
to the conflict discussed, minimal research has been conducted on post-restoration monitoring, 
that contains both ecological and fluvial geomorphic approaches to evaluation. 
2.2 Methodological Framework 
As a result of the minimal research conducted on developing a methodological  
framework that integrates both ecological theory and fluvial geomorphology theory into stream 
restoration monitoring practice, I have presented following framework. 
The task now at hand is to broaden the framework as the field of ecological restoration 
ages, evolves, and develops stronger associations with other fields of thought.  This largely 
reflects the incorporation of long term monitoring and post-assessment of restoration activities.  
Suding et al. (2004) has recently acknowledged the need for a broadening of ecological 
restoration conceptual framework, and has pointed towards the inclusion of predictive tools for 
monitoring or assessing the success of restoration activities.  In this study I developed a 
methodological framework by re-introducing theories already associated with the general 
concept of ecological restoration and applying them to a new component of the framework, the 
practice of stream restoration monitoring (Figure 1). 
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Ecological restoration theory was used as the platform in this approach.  I chose the use of 
ecological and fluvial geomorphology theories as a means to test a restoration project.  These 
particular theories were chosen due to their multidisciplinary nature and wide range of 
techniques in the field (Roni et al. 2005; in Roni, editor).  As Lake (2005) suggested, restoration 
ecology is already multidisciplinary in nature; and therefore its practice must also reflect that. 
More, specifically I chose ecological theory over others, focusing on biological characteristics, 
because the assessment techniques are generally more encompassing and can readily incorporate 
bio-assessment techniques.  Ryder and Miller (2005), Schwartz and Herricks (2007) among 
others, have shown the ability of bio-assessment techniques to evaluate the ecological success of 
specific in-stream naturalization techniques.  Further, ecological techniques can also incorporate 
the process of redesigning the physical attributes of the system, re-establishing nutrient and 
chemical balances etc., and re-introducing indigenous species, or removing exotics are key 
components to the theoretical practice of ecological restoration (Bradshaw 1996).  Also, by 
pairing various ecological and geomorphic measures into the methodological framework for 
stream restoration monitoring it coincides with the strong body of literature describing the 
relationship between ecological and geomorphic variables within overall stream integrity 
(Kondolf et al. 2003; Sullivan et al. 2004, 2006; Lepori et al. 2005a).  A broad framework can be 
more effectively used when taking a dynamic systems approach to restoration monitoring. Lake 
Ecology/Fluvial 
Geomorphology Theory 






Stream Ecological Restoration 
Monitoring In Practice 
Figure 1. A methodological framework for the development of stream restoration monitoring. 
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(2005), suggested that stream restoration should be studied at the catchment scale; viewing each 
catchment as a system and develop restoration goals accordingly.  This strongly agrees with the 
use of Palmer et al. (2005) “guiding image” and Choi (2003) dynamic goal setting previously 
discussed. 
The methodological approach I have described can be easily adopted into various other 
models specifically developed for monitoring restoration success with the use of goal setting. 
These models which generally consist of the practice of setting a restoration goal, determining a 
trajectory, establishing an approach, and evaluating progress have been described by Kondolf 
(1995), Boon (1998), Palmer et al. (2005) and Roni (2005).  Roni (2005) describes a thorough 
model for monitoring for stream restoration success. I adopted and re-organized his model for 
this study (Figure 2). 
 
 
   
Ecological indicators combined with a fluvial geomorphology index help to determine 
whether an appropriate post-restoration monitoring criteria can be successfully adopted for a 
given channel classification or stream order.  This methodology uses a framework that allows for 
Establish Goals And Objective Of 
Monitoring 
Define Monitoring Design For 
Restored Stream Channels 
Establish Sampling Protocol With 
Ecological/Geomorphic Parameters 
Commence Monitoring Of Restored 
Stream Channels 
Analyze Results Of Monitoring 
Activity 
Re-evaluate Management Strategies 
And Stream Restoration Practices 
Figure 2. Framework of design for stream restoration monitoring; adapted from Roni et 
al. (2005; in Roni, editor). 
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feedback between ecological and fluvial geomorphic indicators in monitoring design which 
reflects the goals of the monitoring activity.  Upon completion of the monitoring activity, a 
positive feedback loop reports the results of the monitoring to inform future stream restoration 
activities and related management decisions.  The second component of the study provided an 
analysis of the presented ecological indicators and geomorphic techniques that were used to 
measure the restored sites.  This analysis will determine which set of indicators are more 
appropriate for determining restoration success, or whether the combination of the two 












Chapter 3.0 – Field Study: Assessment of Methodological Approach 
3.1 Introduction 
The current literature available on restoration monitoring methodology is minimal (Bash 
and Ryan 2002, Giller 2005); and numerous in-field techniques have been adopted in order test 
related theories of restoration ecology (Angradi et al. 2004; Ryder and Miller 2005; Lepori et al. 
2006; Schwartz and Herrick 2007).  Sieving through the mass of techniques to establish a criteria 
of testable parameters suited to site characteristics and various stream orders is an immense 
challenge.  Appropriate indicators must be chosen, and also the appropriate techniques to most 
accurately measure the selected indicators.  Simplistic, qualitative methods of site assessment of 
restoration activities do not provide meaningful data in the long term.  Therefore, specific 
quantitative measures must be applied to specific disciplines within restoration monitoring (Roni 
et al. 2005; in Roni, editor).  Appropriate methods of assessment must be adopted that are 
specific to the discipline and specific to various levels of classification within a particular 
discipline.  As a result, I proposed a methodological framework for testing stream restoration 
success.   
Here I test the applicability of the methodological approach in the field by choosing basic 
ecological and geomorphic indicators. Ecological and geomorphic indicators were used to 
compare known in stream relationships (Lepori et al. 2005a; Chessman 2006; Doyle 2006; Rios 
and Bailey 2006).   For this study, I chose benthic macroinvertebrates and geomorphic channel 
stability indicators to test the success of restored streams in City of Waterloo; these measures and 
their application will be discussed in further detail in the methodology section.  However, it is 
very important to acknowledge that the indicators and methods chosen for this study are not 
necessarily the only techniques that could have been applied; such as chemical analysis (e.g. 
NO3, PO4), heavy metals, and chlorophyll. Organic matter, woody debris could have also been 
adopted in the geomorphic index (Angradi et al. 2004)  The techniques and framework 
developed represent the foundation and integration of two bodies of theory to which all stream 
restoration monitoring should follow.  
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 3.3 Study Area 
Assessment of the streams took place in the Region of Waterloo, primarily located within 
the limits of the City of Waterloo.  The City of Waterloo (43.3N, 83.32W; elevation 334.2 m) 
has a population of 114,700 in a 64 km
2
 area (City of Waterloo 2008).  Geographically the area 
is comprised of kames dominated by sand and gravel till, which are the primary channel forming 
substrate with overlying luvisolic soil (Chapman and Putnam 1984; Agriculture and Agri-Food 
Canada 1998; Food and Agriculture Organization of the United Nations 1998).  The region also 
receives approximately 904 mm/yr of precipitation (University of Waterloo 2007).   
All streams assessed were located within urban boundaries and maintained common 
landscape level stressors (i.e. land use designations). Natural reference sites were selected on the 
headwaters of the Laurel Creek, which is used as the City of Waterloo‟s reference for water 
quality.  Natural reference sites were chosen based upon minimal exposure to urban land use 
impacts (e.g. intense residential, commercial or industrial development) and a study conducted 
on the Laurel Creek watershed in 1996 (University of Waterloo 1997).  Disturbed reference sites 
were also highlighted by the City of Waterloo, as candidate areas for restoration. Both natural 
and disturbed reference condition sites were selected based on their near-urban influence and use 
by the City of Waterloo.  All restored test reaches and reference reaches were located on sub-
basins with the Grand River Watershed (Figure 3). Six previously restored streams (Clair Creek; 
1999, Colonial Creek; 1996, Critter Creek; 2000-01, Forwell Creek; 2002, and Lower Laurel 
Creek; 1993-95) varying in time after restoration (~5-15 years) were selected for assessment 
(Figure 4).  The restored sites were composed of various different restoration techniques, all 
using a natural channel design as a basic approach, supplemented with various erosion control 




Figure 3. Stream sites sampled in the City of Waterloo, Grand River watershed. Each site 







Table 1. Description of restored reaches of South Clair Creek. 
1. South Clair Creek 
Restored  Description     
Year Restored 1999     
Reaches Sampled 6     
Biophysical Description 
Located within Clair Hills residential development. Several 
stormwater retention ponds are located on either side of the 
channel. 
Channel Width – 1.8m 
Channel Depth – 0.30m 
UTM Coordinates 17 T 0533940, 4812062 
Table 2. Description of restored reaches of Colonial Creek. 
2. Colonial Creek  Description 
Year Restored 1996 
Reaches Sampled 5 
Biophysical Description 
Valley encroached by residential development. Stormwater 
retention pond on top of valley. 
Channel Width – 2.5m  
Channel Depth – 0.40m 
UTM Coordinates 17 T 0540343 4817012 
Table 3. Description of restored reaches of Upper Critter Creek. 
3. Critter Creek 
Upstream  Description 
Year Restored 2000/2001 
Reaches Sampled 5 
Biophysical Description 
 Located beside RIM Park. 
Multiple offline ponds beside channel; channel has purged 
bank and entered ponds at various locations. 
Channel Width – 2.5m 
Channel Depth – 0.4m 











Table 4. Description of restored downstream reaches of Critter Creek. 
4. Critter Creek 
Downstream  Description 
Year Restored 2000/2001 
Reaches Sampled 5 
Biophysical Description 
 Located by the Grey Silo Golf Course; offline ponds located 
beside channel. 
Channel Width – 1.5m  
Channel Depth – 0.25m 
UTM Coordinates 17 T 0541042 4818105 
Table 5. Description of restored reaches on Forwell Creek. 
5. Forwell Creek  Description 
Year Restored 2002 
Reaches Sampled 4 
Biophysical Description 
 Located between commercial and residential development; 
log cribbing used on banks. 
Channel Width – 4.5m 
Channel Depth – 0.50m 
UTM Coordinates 17 T 0539081 481487 
Table 6. Description of restored reaches on Laurel Creek. 
6. Laurel Creek 
Restored  Description 
Year Restored 1993-1995 
Reaches Sampled 4 
Biophysical Description 
 Located in Betchel Park 
Channel Width – 5.0m 
Channel Depth – 0.60m 
UTM Coordinates 17 T 0540802 4814468 Betchel Park 
 
Table 7. Description of natural reference reaches sampled in Region of Waterloo. 
Natural Reference  Description 
Reaches Sampled 5 
Biophysical Description 
 Located at various segments along the upper Laurel Creek; 
near urban residential influence. 
Channel Width – 4.0m 
Channel Depth – 0.35m 
UTM Coordinates 17 T 0530579 4813767 
  17 T 0531870 4814185 
  17 T 0532598 4813987 
  17 T 0532638 4813942 
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Table 8. Description of disturbed reference reaches in the Region of Waterloo. 
Disturbed Reference  Description     
Reaches Sampled 7     
Biophysical Description 
 Clair Creek-located in Clair Hills residential development. 
Valley enchroached by subdivision 
Channel Width – 2.0m 
Channel Depth – 0.55m 
Colonial Creek-located in Woolner Park; channel incased 
with gabion. Enchroached by residential development. 
Channel Width – 2.0m 
Channel Depth – 0.30m 
UTM Coordinates 17 T 0533844,4811838 Clair Creek 
17 T 0539893,4816696 Colonial N. Branch (Woolner Park) 
    
 
 
3.4 Ecological Sampling Design  
 The assessment of the aquatic ecosystem integrity in the channel was conducted by 
utilizing an in-stream monitoring approach.  However, only the benthic macroinvertebrate 
sampling technique was utilized in this study.  Benthics are the most commonly used for 
ecological/biological indicators of freshwater ecosystems (Hawkes, 1979; Wiederholm 1980; 
Abel 1989; Bailey et al. 2004).  A benthic analysis approach is adopted because it is believed 
that benthos demonstrate site specific relationships with geomorphic indicators, and rapidly 
respond to non-point source pollutants because they are relatively sedentary and have short 
lifecycles (Bailey et al. 2004).  Although fish are often used as a biotic component in assessment, 
in this case it was not chosen because the macroinvertebrates were easier to collect and their 
communities are known to change to a greater degree with different stressors.  
The technique sampled a series of 30 m reaches in length that were pre-defined with 
respect to a reference or test sites (previously restored reaches).  The aquatic sampling and the 
reach length (~30 m) and stream width (2-5 m) was consistent for all the reaches evaluated, 
despite potentially small differences in the length of restored reaches.  A minimum of 4 reaches 
in the restored basin were sampled. 
 Following the Ontario Benthic Biomonitoring Network protocol (Jones et al. 2004), 
benthos was collected walking upstream along the reach in a zig-zag across the channel profile 
(water‟s-edge to water‟s edge), characteristic of most benthos sampling techniques.  The D-net 
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(500 µm mesh) travelling kick-sweep method was used as the collection method.  Benthos 
collected were separated from debris and stored in formalin.  From each site, 100 specimens 
were picked at random from a Marchant box and identified to family level. The Marchant box 
contained 100, 1 cm
3 
boxes.  
3.41 Analysis of Ecological Measures 
To measure whether samples obtained from the restored reaches have improved 
following the restoration exercise, the samples of benthos from each reach were run through 
various statistical measures.  Several descriptors were used to depict the communities found in 
each reach, including family richness, Simpson‟s Species Diversity, % EPT (Ephemoptera; 
Plecotpera; Trichoptera) and % Chironomidae.  The use of the % EPT is a commonly used 
indicator of high quality streams and the influence of geomorphic condition on the benthic 
community (Plafkin et al. 1989; Lenat and Crawford 1994; Sullivan et al. 2004).  The % 
Chironomidae is a common measure that indicates presence/absence of high nutrient and heavy 
metal loads in the water column.            
     Principal components analysis (PCA) was used to determine whether there were any 
relationships between the benthic metrics used in the ecological assessment, and determine the 
overall ability of the ecological assessment to quantify restoration success. The PCA was run 
with A Pearson correlation coefficients among the benthic metrics was conducted to ordinate the 
descriptors of the community and highlight relationships found between them. This was 
conducted using PCORD v.4. A standardized PCA was used so no one of the metrics would be 
given more weight in the analysis.  Principle components analysis is an effective technique for 
ordinating community data. However, as community data sets become more heterogeneous 
results become distorted and difficult to interpret (Grace and McCune 2002).  
Finally, Bray-Curtis ordination was used to provide a multivariate description of 
community structure to determine the median distance of each community from the reference 
communities. The restored sites were tested against benthic communities in disturbed reference 
and communities in natural reference reaches. PC-ORD was also used in the Bray-Curtis 
analysis, using the variance-regression method.  The original Bray-Curtis method was avoided 
due to its sensitivity to outliers in the dataset (McCune and Grace 2002). With the use of a 
relatively small dataset in this study, the variance-regression method was chosen.   
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 The five measures were then used in a set of criteria to determine where each restored 
test reach aligns in relation to the natural and disturbed reference conditions (Table 1). In this 
excerise, the criteria were given the term ecocriteria.  This method of categorizing test sites was 
adopted from Bailey et al. (1998).  To determine whether a test site was in natural reference the 
observed metric values must be greater than the first-quartile value (Family Richness, Simpsons 
Diversity, % EPT and Bray-Curtis), of the expected or natural reference range or less than the 
third quartile (% Chironomidae).  All restored test reaches outside this range do not lie in 
reference.  The same was conducted with the disturbed reference; except a test site would have to 
lie below the third-quartile (Family Richness, Simpsons Diversity, % EPT and Bray-Curtis) and 






Table 9.  Criteria to label restored test sites as in natural reference or disturbed reference.  *Indicates the criterion value; to be 
within natural or disturbed reference.  
 
  Family Richness 
Simpson‟s 














21 0.433 3.36 17.5 0.79 
23* 0.482* 5.86* 21.6 1.38* 
25 0.714 26.9 53.2 1.78 
25.5 0.843 28.5 71* 2.05 
26 0.850 36.9 71.4 2.53 












13 0.675 0.336 10.7 0.89 
14.5 0.721 0.346 12.4* 1.01 
15 0.749 1.00 17.8 1.1 
15.5* 0.759* 3.75* 26.6 1.34* 
16 0.801 9.00 33.3 1.79 
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3.5 Fluvial Geomorphic Approach 
 The geomorphic assessment of the restored and reference sites was undertaken by 
measuring a set of five parameters designed as indicators for stream bed and bank stability. 
Stability indicators in both the aquatic and terrestrial portion of a stream channel provide 
important feedback to habitat quality and overall ecological integrity, as well as basic physical 
channel sustainability.  The index developed and put in practice, was a synthesis of Rosgen‟s 
Bank Erosion Hazard Index (BEHI), field techniques used by Annable (1996) which has often 
been adopted in southwestern Ontario (Newbury Hydraulics 2002). The BEHI has been more 
widely adopted in the United States by various organizations, such as the Arkansas Department 
of Environmental Quality. The study chose to remove itself from the Rapid Geomorphic 
Assessment protocol that has been commonly used in southwestern Ontario (Credit Valley 
Conservation 2002), as well as variations of EPA rapid habitat assessment (Plafkin et al. 1989; 
Ciesielka and Bailey 2007). 
The rapid geomorphic assessment approach makes uses of a checklist system that is more 
qualitative and based on personal bias whereas the BEHI approach and measurements used by 
Annable (1996) lends itself to be a more thorough and replicable quantitative assessment.  The 
BEHI approach has been widely adopted throughout the United States (Vermont Agency of 
Natural Resources 2004; Arkansas Department of Environmental Quality 2004).  
 The study utilized two stream bed measures; stream bed shear stress, calculated from 
stream velocity required to shear particular sediment particle size, and basic substrate 
heterogeneity (Appendix B).  Researchers have linked different thresholds of shear stress with 
overall channel stability (Brookes 1988; Booth 1990; Bledsoe and Watson 2001; Bledsoe et al. 
2007). Substrate heterogeneity also plays an important role in diversity of macro-invertebrates 
present as well as the geomorphic evolution of the channel itself.  The relationship between 
habitat or substrate heterogeneity and biotic patterns and processes has been widely documented 
and are well understood (Turner and Gardner 1991) demonstrating the importance of substrate 
heterogeneity, when determining the relative health of a channel and its relationship to biotic 
organisms. 
 Bank stability measures that were adopted for the study included bank height to bank-full 
ratio, a root depth to bank height ratio and bank angle.  These measures were adopted from 
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Rosgen‟s BEHI (Rosgen et al. 2001), and integrate the affect of all stream channel erosion 
processes. The method adopted acknowledges the importance of both stream bank/bed 
characteristics in relationship with their erodibility potential and the hydraulic/gravitational 
forces working on them.   
These measures were taken a minimum of five times through a 30 m reach, and conducted 
on both reference and restored test sites.  The measures were taken starting at downstream 
reaches and progressing upstream.  It is important to acknowledge here that the geomorphic 
assessment was conducted following the sampling of benthic macroinvertebrates in order not to 
disturb the substrate and therefore negatively affecting the results of the ecological portion of the 
assessment.   
The geomorphic assessment measures were taken on both the left and right bank of the 
stream, always measuring starting from the right bank and working across the profile.  The bank 
height to bank-full ratio was obtained by measuring the distance from water‟s edge to the top of 
bank, from water‟s edge to the bank-full line, followed by calculating the ratio from the 
distances.  Similarly, the rooting depth to bank height ratio was obtained by measuring distance 
the roots penetrated from the top of bank towards the water‟s edge.  The bank angle was 
measured by using a hand held clinometer; placed half way up the bank height and then obtaining 
the degree. 
An A. OTT Kempten current meter (50 mm diameter propeller) was used to take velocity 
measurements.  A minimum of three velocity measures were taken through the stream profile, at 
approximately 75% of the depth.  In some cases this was found not to be possible in riffles that 
had insufficient water levels.  One measure was always taken in the thalweg of channel and 
others at evenly spaced locations between.   
Following completion of the bank measures, a substrate sample was taken.  The substrate 
was slowly dried in an oven at ~35 
o
C until all the moisture had been removed.  The samples 
were then put through a mechanical sieving machine for seven minutes.  Large coarse gravel was 
hand sieved out prior to placing the sediment in the mechanical sieve.  The overall weight of the 
sample was taken and weight of the various substrate sizes (in mm) (Appendix B).  Sieve sizes 
were chosen in order to capture a range of sediment sizes; sieves at the boundaries of sediment 
classes (i.e. gravel-sand, sand-silt).  Sediment over 38.1mm was measured with a caliper and no 
sediment over 101.4mm was collected in the field.  The largest predominant particle size 
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collected was then used to calculate whether the stream bed was experiencing stream velocity 
over the limiting shear stress for that particle size.  This was calculated by using an interpolation 
table provided by Vermont Agency of Natural Resources (2004)
 
for particle entrainment and 
transport (Appendix B).  
  
 
 Each element was used to calculate the potential risk of erosion in the stream channel.  
This was done by the creation of indices, which represents an extension to Rosgen‟s BEHI.  The 
higher score received on the indices corresponds with a greater risk of erosion and general overall 
instability of the stream channel.  Therefore, a low score indicating low risk of erosion and 
greater channel sustainability (Appendix B). 
3.51 Analysis of Geomorphic Approach  
To test whether the geomorphic index effectively assesses stream reaches geomorphic 
integrity and habitat potential a non-metric multidimensional scaling (NMS) test was used.  The 
use of NMS ordinations are common when the data is found to be non-normal, discontinuous or 
there is the use of questionable scales (McCune and Grace 2002).  In this case, NMS was used to 
question the reliability of the scale used in the geomorphic index.  To test the scale PC-ORD v.4, 
autopilot mode was used for the NMS test. The program was calibrated with a correlation 
distance measure and random starting configuration.  Forty runs were computed with real data 
and 50 runs with randomized data. One dimension was used for the final solution. 
The Bray-Curtis ordination was also adopted for testing the distance of the restored test 
site geomorphic index results to the reference sites median geomorphic index results.  Similar to 
the Bray-Curtis ordination conducted on the benthic community of the ecological assessment, 
PC-ORD was used with a variance-regression method.  Bray-Curtis tests are generally more 
commonly adopted in ecological studies (Bailey et al. 1998; Ciesielka and Bailey 2007).  This 
was done on a per restored test reach basis.  Comparing each restored test reach to the median 
natural and disturbed reference geomorphic index results.  A comparative analysis of restored test 
sites to natural and disturbed reference allowed the placement of restored test sites on a range 
between the two reference condition ranges (Table 2) 
The geomorphic index results and the Bray-Curtis variation were used to determine where 
each test reach aligned in relation to natural and disturbed geomorphic reference condition.  For a 
restored test reach to lie within natural reference, the value for the geomorphic index and Bray-
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Curtis must be below the third-quartile.  The same is true for disturbed reaches.  However, the 
test reach must lie above the first quartile value (Table 2).  
Table 10. Geo-criteria for assessing a restored test reaches alignment with natural and disturbed 
reference condition calculated from geomorphic assessment index and Bray-Curtis Variation. 
*denotes the criterion value. In natural reference the reach values must be less than the indicated 
value and disturbed reference the Index Value must be greater. 
 
  Index Value Bray-Curtis Variation 
Natural 
Reference 
Minimum 22.60 0.000 
1
st
 Quartile 22.65 0.0100 
Median 23.90 0.0600 
3
rd
 Quartile 24.70* 0.100* 
Maximum 26.55 0.320 
    
Disturbed 
Reference 
Minimum 17.40 0.000 
1
st
 Quartile 27.48* 0.0200 
Median 32.35 0.0900 
3
rd
 Quartile 33.53 0.210* 
Maximum 37.65 0.310 
 
3.52 Analysis of Combined Assessment 
  In order to determine the relationship between the ecological and geomorphic indices as 
measure of whether a hybrid approach would be best suited for stream restoration monitoring 
protocol a canonical correspondence analysis (CCA) was also undertaken.  This method was used 
to determine whether the benthic community descriptors (Spp.) are related to geomorphic 
“environmental” (Envt.) variables in the assessment process.  However, CCA is limited to 
number of environmental variables that can be tested.  In CCA, if the number of environmental 
variables is similar to the number of sites, the constraints between the axes becomes weaker and 
do not discriminate between community and environmental variables (McCune and Grace 2002).  
The application of the CCA as described by ter Braak and Verdonschot (1995) is a popular 
multivariate analysis technique among aquatic ecologists for measuring environmental influences 
on benthic communities (McCune and Bruce 2002; Bailey et al. 2004).  The use of the CCA test 
has also been commonly used to quantify the relationship between macroinvertebrates and 
various environmental influences, specifically silt and chemical compositions in stream 
environments (Dodkin et al. 2005).  The CCA used all four of the ecological metrics used to 
describe the benthic community and the five geomorphic index measures.  Scores were 
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standardized with the centering and normalizing method in PC-ORD, optimizing the benthic 
metrics and geomorphic measures using Bi-plot scaling and a Monte Carlo test.  The resulting 
species (Spp.)-environment (Envt.) correlations and a p-value <0.05 was used to determine how 
strong relationship between the two assessment types used in the study.   
 A second CCA test was used in the study to test the strength of apparent relationships 
observed between benthic metrics and geomorphic index results.  This was conducted because 
CCA assumes that relationships pre-exist between species community structure and the 
environmental variables (McCune and Grace, 2002).  By using a pre-described community with 
benthic metrics (%EPT, Simpson diversity, etc) the CCA may show greater bias and therefore a 
stronger relationship.  The same calibration as was used on the first CCA test was used again; at a 
p-value <0.05.  The standard p-value of <0.05 was used in this study because the purpose of the 
study was to test whether relationships or effect exists at all. A smaller p-value may have 
eliminated the chance of observing the presence of weaker relationships (Bross 1971; Shinichi 
and Cuthill 2007).  Therefore the null hypothesis that states there is no relationship, could not be 
rejected, even if some relationship existed.  Future studies may test specific relationships between 













Chapter 4.0 – Analysis of the Restoration Monitoring Methodology   
4.1 Results 
 The assessment of the developed monitoring protocol used twenty-nine (n=29) restored 
test reaches in the City of Waterloo. A set of natural (n=5) and disturbed reference (n=7) reaches 
were also tested using the same parameters. Field work was conducted between May 8 and June 
4, 2007.  
 The protocol used both ecological and geomorphic approaches for stream assessment to 
determine a comprehensive picture of the quality of restored stream reaches in relation to known 
disturbed and natural stream reaches within the City of Waterloo.  Also, the assessment of the 
restored stream reaches was used to test the applicability of the monitoring protocol to effectively 
quantify the condition of the stream reaches and to determine whether one monitoring approach 
(ecological or geomorphic) would be best suited for determining stream restoration success. 
4.11 Ecological Assessment Results 
The ecological assessment used several measures of the benthic macroinvertebrate 
samples collected to quantify community structure.  These measures were taken for both 
reference sites (i.e. natural and disturbed reaches) as well as restored test reaches in urban and 
near-urban reaches of the City of Waterloo.  A range of values described by the use of quartiles 
used to describe the community condition of the reference reaches and to build an ecocriteria to 
compare restored test sites to (Table 3).  The metrics used in the ecocriteria were used a 
benchmark for comparison of the restored test reaches. The metrics applied (Family richness, 
Simpson‟s diversity, % EPT, % Chironomidae and Bray-Curtis variation) were useful as they 
describe different influences and their affects on the ecological integrity of the water column 
(Table 3).  Bray-Curtis was specifically used for describing a measure of the variation of the 







Table 11. Results of post-restoration monitoring of restored test reaches (n=29) of six restored 
basins in the Region of Waterloo.   
Site Name Measure Reach 
1 2 3 4 5 6 
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The principal components analysis of the benthic metrics in the ecological approach of the 
assessment showed greater variance than expected in the second and fourth axes; this was 
depicted by a greater actual eigenvalue than the broken-stick eigenvalue.  However, the second 
axis showed the greatest variance (36.4 %), and was used in the analysis (Table 4).  The fourth 
axis only representing approximately 7.00 % of the sample was too weak an association to 
conduct further analysis.  The first axis sampled represented the greatest amount of variance. 
However, the observed eigenvalue of the random tests was less than the broken-stick eigenvalue, 
suggesting that the metrics used in the study do not account for a significant number of influences 
on the benthic community.  
Table 12.  Extracted variance from randomized tests (n=4) of the principle components analysis 
(PCA) on the ecological metrics of all reaches tested natural and disturbed reference and restored 
test reaches (n=41 reaches). 




1 1.792 44.800 44.800 2.0830 
2 1.455 36.369 81.168 1.0830 
3 0.472 11.794 92.962 0.5830 
4 0.282 7.0380 100.00 0.2500 
 
The resulting analysis of the second axis in the PCA depicted that family richness and %EPT 
were correlated (0.6574), having a moderate linear relationship.  The other ecological metrics 
used in the study had little to no relationship with each other (Table 5).  
Table 13. A cross-products matrix from the PCA showing relationship between ecological 
metrics of all reaches tested natural and disturbed reference and restored test reaches (n=41 
reaches). 




%EPT 1.000 --  -- -- 
%Chironomidae 0.06164 1.000 -- -- 
Family Richness 0.6574 0.3431 1.000 -- 
Simpson Diversity 0.3083 -0.3981 0.08699 1.000 
 
Following the analysis of the relationship between benthic metrics, the results as 
described by the benthic metrics were plotted against eco-criteria standards for reference 
condition.  Test reaches observed above the limit denoted by “N” (Family Richness, Simpon‟s 
Diversity and % EPT) and below “N” (% Chironomidae) are stated to be in natural reference. 
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Those found below the limit denoted by “D” (Family Richness, Simpson‟s Diversity and % EPT) 
and above “D” (% Chironomidae) are stated to be in disturbed reference.  Describing the Bray-
Curtis variation results, a restored test reach observed below the determined reference limit is 
stated to be in reference (Figure 4.5 & 4.6). 
As established in the ecocriteria in the methodology, for a reach to be considered in 
natural or disturbed reference it must lie within reference for all benthic metrics used. In this 
study it was observed that no restored reaches were found to lie within the natural reference 
range.  Also, no restored test sites were observed to be in disturbed reference (Figure 4).  The test 
sites appear to lie in relative position spread between natural reference and disturbed reference 
condition. 
 
Figure 4.1. Results from reach levels of Family Richness plotted 




Figure 4.2. Restored reaches Simpson's Diversity results plotted against 
ecocriteria reference limits of Simpson Diversity. 
Figure 4.3. Results of restored reaches % EPT plotted against ecocriteria 
































Figure 4.4. Results of restored reaches for % Chiromonidae plotted 
against ecocriteria reference limits of % Chiromonidae. 
Figure 4.5. Results of restored reaches Bray-Curtis variation plotted against 


















4.12 Geomorphic Assessment Results 
 The geomorphic assessment of the restored test reaches was used to quantify the overall 
geomorphic stability and habitat of the stream channel.  This analysis used a similar method as 
the ecological assessment of the aquatic integrity of the streams.  A series of measures were used 
to quantify the channel characteristics (bank angle, bank-full height-bank height ratio, rooting 
depth-bank height ratio, substrate heterogeneity, and limiting shear stress) which were than used 
to calculate a geomorphic index value (Table 6).  The measurement value was given a 
corresponding value in the index for each geomorphic measure (e.g. a bank angle of 20
o
 has an 
index value of 1.9 and would be labeled as very good).  This occurred for each measure in a 
transect and then the total index value was calculated for the transect.  The median index value 
was then determined for a reach (Table 6).  
Figure 4.6. Results of restored reaches Bray-Curtis variation plotted against 
ecocriteria disturbed reference limit for Bray-Curtis variation denoted by “D”. 
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Table 14. Geomorphic sustainability index and subsequent field measurement values used to calculate total reach geomorphic 
sustainability; adopted from Rosgen (2001). 




Value 0-20 21-60 61-80 81-90     
Index 1.0-1.9 2.0-3.9 4.0-5.9 6.0-7.9     
Root depth : Bank Height 
(m) 
  
Value 1.0-0.9 0.89-0.5 0.49-0.3 0.29-0.15 0.14-0.05 <0.05 
Index 1.0-1.9 2.0-3.9 4.0-5.9 6.0-7.9 8.0-9.0 10 
Bank Height : Bank-full 
(m) 
  
Value 1.0-1.1 1.11-1.19 1.2-1.5 1.6-2.0 2.1-2.8 >2.8 




Value 100-80 79-55 54-30 29-15 14-5 < 5 
Index 1.0-1.9 2.0-3.9 4.0-5.9 6.0-7.9 8.0-9.0 10 
Over Shear Stress Limit  
  
Value YES – R NO - P YES - P NO - R     
Index 0 0 5 5     
Total Reach Sustainability 4.0-7.9 8-15.9 16-23.9 24-31.9 32-36 36.1-50 
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The values of the geomorphic indices were described at the reach level.  The greater the value 
observed in the geomorphic index, the lower the perceived stability of the reach was, and 
therefore the lower the index-value the greater geomorphic reach stability. Reaches were 
observed to show variable geomorphic index results between streams and within streams (i.e. 
reach level) (Table 6).  Based on the geomorphic index results, reaches also were designated in a 
range from “Very Good” to “Extreme” (Table 6).  The purpose of labeling of the geomorphic 
index results in a range from “Very Good” to “Extreme” simply allows for ease of interpretation 
during presentation and not to provide further analysis.  
 Bray-Curtis variation was used to quantify the difference between restored test reaches 
and disturbed and natural reference condition.  The individual metrics for test reaches were 
compared to values of the same community but in natural or disturbed reference.  Very little 
variation was observed between restored test reaches and reference conditions (Table 7).  
The geomorphic index results and Bray-Curtis variation were used to quantify a 
placement of a reach near reference condition.  In the geomorphic index, reaches had to have 
been observed below the denoted “N” to be placed in natural reference and above the denoted 
“D” to be in disturbed reference (Figure 5).  Reaches observed between the reference condition 
limits are stated to be neither in disturbed or natural reference.  The Bray-Curtis depicts the 
variation of the results of the geomorphic metrics. The closer the value is to zero, the closer the 
reach is to reference.  However, for a reach to be within reference it must lie in that condition in 
both the geomorphic index and Bray-Curtis variation as described in the geocriteria, and not lie 
in both natural and disturbed reference in the Bray-Curtis variation.  It was observed that no 
reach was found to be in natural reference or disturbed reference condition (Figure 5).
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Table 15. Geomorphic assessment results for restored test reaches (n=29) from geomorphic index, its associated rating and 
Bray-Curtis variration values in the Region of Waterloo. 
Site Name Measure Reaches 
  1 2 3 4 5 6 


























































































































































































Figure 5.1 Results of restored reaches geomorphic index totals geomorphic 
plotted against geocriteria reference limits for geomorphic index values. 
Figure 6.2. Results of restored reaches Bray-Curtis variation plotted against 























In order to test the strength of the geomorphic index a non-metric multi-dimensional 
scaling (NMS) test was conducted on the geomorphic assessment methodology.  This test was 
used to determine whether the indicators and scale used, were appropriate and accurately 
measured the reaches sampled.  The NMS used all reaches sampled in the study (n=41); the PC-
ORD program chose a one-dimensional solution from the 50 randomized runs calculated by the 
Monte Carlo test.   
Table 16. Stress in relation to the dimensionality (number of axis, n=6) comparing real data to 
randomized data of Monte Carlo test. 
Stress in Real Data, 40 runs Stress in Randomized Data, 50 runs 
Axes Minimum Mean Maximum Minimum Mean Maximum p 
1 25.306 35.645 49.798 25.267 40.055 50.000 0.0392 
2 8.515 10.380 30.831 6.243 15.606 28.428 0.0784 
3 1.259 2.149 17.297 0.000 5.553 12.148 0.0784 
4 0.001 0.206 7.063 0.000 1.675 12.490 0.0980 
5 0.000 0.003 0.037 0.000 0.043 1.528 0.0784 
6 0.000 0.182 7.243 0.000 0.000 0.004 0.3333 
 
Figure 6.3. Results of restored reaches Bray-Curtis variation plotted against 
geocriteria disturbed reference limits for Bray-Curtis variation. 
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The analysis of the one-dimensional solution (axis 1), accepting a p-value <0.05 resulted in a 
final stress of 25.31 and instability of 0.00.  A stress value is the measure of accuracy.  A stress 
value >20, has been shown by Clarke (1993) to be difficult to interpret.  It has been suggested 
that stress should be generally found between 10 and 20; the closer stress moves towards 20 the 
more difficult the results are to interpret (McCune and Grace, 2002).  Saintilan (2004) showed 
how low stress values (<5) accurately depict relationship between geomorphic variables.  
Therefore, the final stress of 25.31 observed from the results from this study is high, 
demonstrating no relationship between the measures and scale adopted for the geomorphic 
assessment.  Therefore, the geomorphic assessment requires adjustment and re-evaluation to be 
an accurate assessment protocol in the field. 
4.13 Testing a Hybrid Approach 
The Canonical Correspondence Analysis (CCA) was used to evaluate whether there were 
any correlation with the benthic metrics and geomorphic measures.  This measure helped to 
determine whether a hybrid approach for stream restoration monitoring could be used. The CCA 
made use of the Monte Carlo test with a null hypothesis; H0, that there is no structure in the main 
matrix and therefore no linear relationship between the matrices tested.  The first axis was 
analyzed because it was observed to have the greatest percent explained variation (18.6%), the 
other axes explained little variation (Table 9).  
Table 17. Canonical correspondence analysis (CCA) with benthic metrics and geomorphic 
variables; depicting a moderate relationship between the techniques. 
 Axis 1 Axis 2 Axis 3 
Observed Eigenvalue 0.003 0.001 0.000 
Variance of variables 
% of variance explained 












0.696 0.382 0.243 
Kendall (Rank) Corr., 
Community Metrics-Envt. 
0.520 0.156 0.146 
P 0.340 0.600 0.850 
Mean Eigenvalue 0.002 0.001 0.000 
Minimum Eigenvalue 0.001 0.000 0.000 
Maximum Eigenvalue 0.006 0.003 0.001 
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Having accepted the first axis for analysis, because the observed eigenvalue was found to be 
greater than the expected, a species metric-environment correlation was conducted using 99 runs 
of randomized data with the Monte Carlo test.  Axis 1 showed the greatest species metric-
environment correlation, accepting a p-value <0.05 (Table 10).  From the analysis of axis 1 it 
was concluded that the H0 must not be accepted, and that there is relationship between benthic 
community descriptors and geomorphic stability/habitat in the reaches sampled.                   
Table  18.  Monte Carlo test results of Species metric - Geomorphic correlation as determined 
from axis 1. 
 Real data Randomized data Monte Carlo test, 99 runs 
Axis Spp-Envt Corr. Mean Minimum Maximum P 
1 0.696 0.529 0.329 0.780 0.0300 
2 0.382 0.380 0.206 0.567 0.450 
3 0.243 2.93 0.104 0.536 0.6900 
                            
A second CCA test was used to clarify the strength of the relationship between the benthic 
community and the geomorphic variables, using the hypothesis that a CCA test assumes a 
relationship already exists between the community structure (benthic metrics) and environmental 
variables (geomorphic index).  Following the same methodology and null hypothesis as the first 
CCA test, it was observed that the first axis explained the most variation (14.5 %), and had an 
observed eigenvalue greater than expected in the Monte Carlo test (Table 11).  The Pearson 
correlation described a strong relationship of 0.812. 
Table 19. Canonical Correspondence Analysis (CCA) second test using benthic community and 
geomorphic variables. 
 Axis 1 Axis 2 Axis 3 
Observed Eigenvalue 0.325     0.094     0.089 
Variance of variables 
% of variance explained 










0.812 0.603 0.497 
Kendall (Rank) Corr., 
Benthic community-Envt. 
0.356 0.359 0.344 
P 0.0100 0.610 0.150 
Mean Eigenvalue 0.144 0.099 0.075 
Minimum Eigenvalue 0.076 0.066 0.049 
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Maximum Eigenvalue 0.198 0.147 0.102 
 
The analysis of the first axis using randomized Monte Carlo test, showed a strong community 
(Spp.) - geomorphic (Envt.) correlation (0.812).  The observed p-value 0.140, <0.05 accepts the 
null hypothesis that there is no relationship between benthic community structure and 
geomorphic index results, due to a low confidence level in the correlation (Table 12).  
                   
Table 20. Monte Carlo test results of benthic community - geomorphic variables correlation as 
determined from axis 1. 
 Real data Randomized data Monte Carlo test, 99 runs 
Axis Spp-Envt Corr. Mean Minimum Maximum P 
1 0.812 0.746 0.583 0.829 0.140 
2 0.603 0.699 0.584 0.845 0.960 
3 0.497 0.662 0.513 0.824 1.000 
              
As a result, the relationship in the first CCA test is weaker than made apparent.  The analysis 
illustrates as the second test shows no confidence in the correlation.  Therefore, if there is a 
relationship between ecological and geomorphic indices used, it is weak and shows little 
confidence. 
4.2 Discussion 
 Many studies have discussed what the field of river/stream restoration requires in order to 
create sustainable fluvial systems (Palmer et al. 2005; Gillian et al. 2005; Lake 2005; Ryder and 
Miller 2005).  In this study the influence of previous conceptual frameworks was used to create a 
methodological framework specifically designed for stream restoration and the ability to quantify 
the success of such projects.  The conceptual framework was used as a basis to develop an in-
field methodology to evaluate stream restoration with two distinct approaches: ecology and 
fluvial geomorphology.  A basic assessment protocol was formulated and tested in the field, 
posing the question of whether a monitoring and evaluation model could be devised that 
effectively assesses the success of a stream restoration project.  The ecological and geomorphic 
approaches were tested separately and together to determine whether one methodology possessed 
stronger evaluative characteristics than the other.  In the process, this study introduced a new 
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rapid geomorphic assessment technique that focused on both channel stability and habitat 
quality. 
 In order to test the effectiveness of the assessment approaches used in the study, I 
assumed that ecological and geomorphic integrity are equally important to achieve a successfully 
restored stream.  This assumption was based on the work of Kondolf et al. (2003), Sullivan et al. 
(2004; 2006) and Lepori et al. (2005a), and their belief in the importance of this relationship 
between the two disciplines. 
4.21 The Approach 
 In general, the monitoring protocol devised showed confidence in its ability to assess the 
condition of a series of restored test reaches as well as the designated disturbed and natural 
reference reaches. This was an expected result of the study, proving the hypothesis that the 
creation of a basic quantitative technique for measuring stream restoration success was possible.   
  This result was described by the two CCA tests used, which showed a Pearson correlation 
of 0.696 (p-value <0.05) and 0.812 (p-value >0.05).  The test demonstrated a weak, but present 
relationship between the benthic community and environmental variables (geomorphic 
stability/habitat indicators).  The ability to quantify the presence/absence of such a relationship in 
the study was an important element in the demonstration of the effectiveness of conceptual 
framework in practice. The importance of ecological and geomorphic relationship has been 
shown in stream assessment research.  Sullivan et al. (2004) described the importance of 
geomorphic condition and habitat quality on the benthic macro-invertebrate community; 
however, these two relationships have been rarely put into practice in a restoration context.  
Those that have approached assessment of restoration projects have focused on an ecological or 
geomorphic context (Kondolf et al. 2003; Sullivan et al. 2004, 2006; Lepori et al. 2005a).  These 
relationships will be discussed further as it relates to the importance of using a hybrid approach 
to monitoring. 
4.22 A Hybrid Approach 
The relationship between aquatic integrity and the corresponding geomorphic stability 
and habitat quality has been well documented (Hall and Killen 2005; Sullivan et al. 2004, 2006).  
Therefore, it was expected that relationships would be observed between the benthic community 
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and results from the geomorphic index. However, in this study the relationship between the two 
approaches to monitoring was present, but limited.  The canonical correspondence analysis 
(CCA) showed a moderate species-environment relationship when the benthic metrics were used 
in the analysis, demonstrating 0.696, with a p-value <0.05.  However, a CCA makes the 
assumption that there is some form of relationship between the species and environmental 
variables, by ignoring the community structure that is unrelated to the environmental variables 
(McCune and Grace 2002).  In order, to test the strength of the species-environment relationship 
in this study and its importance in restoration monitoring, a second CCA test was conducted on 
the community data, without the metrics.  This test demonstrated a stronger relationship between 
species-environment than the first CCA (0.812), however a p-value of 0.140 was observed.  
Therefore, the null hypothesis was accepted that there is no relationship between species and 
environment as shown by the benthic community and geomorphic variables.  A p-value of <0.05 
was used in the CCA because the intent of the analysis was determine whether any relationship 
existed between the ecological and geomorphic approach. A smaller p-value (e.g. p= 0.01) would 
have shown increased significance of potential relationships or effect at all (Shinichi and Cuthill 
2007). However, it would have ignored weaker relationships that may provide future insight.  
In the analyses I used in this study show that the relationship observed between 
ecological and geomorphic measures are not as strong as expected, or as visible as the literature 
demonstrated.  There will have to be further alterations to the monitoring approach proposed, 
specifically the geomorphic assessment.  The geomorphic approach should be re-tested using 
appropriate field trials and greater attention in general for the development of a strong 
quantitative based rapid geomorphic assessment.  However, it would be short-sighted to state 
that the geomorphic portion of the study held no value in the final evaluation of the study and its 
overall importance as an exercise in stream restoration monitoring.  The assessment of the 29 
restored reaches in this study showed that none of the reaches were found to be within disturbed 
or natural reference condition, but rather somewhere on a continuum between these two 
conditions.  This was true for both ecological and geomorphic components.  It was expected that 
a restored test reach found to be natural ecological reference would also be observed to be within 
natural geomorphic reference; and likewise for a test reach in disturbed reference or a test reach 
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observed in the continuum between disturbed and natural reference. Such relationships have 
been described between geomorphic and ecologically variables in the past (Roni et al. 2005; in 
Roni, editor).   
Further, the intent of the geomorphic aspect of the study was to test a new methodology 
that builds upon the current geomorphic and habitat assessments currently used in southern 
Ontario.  This result does not suggest that relationships do not exist between ecological and 
geomorphic variables in a fluvial environment it states that the specific measures used in the 
geomorphic approach failed demonstrate them.  However, this result questions strength of some 
relationships that have been described in previous studies, and the methods at which were used to 
quantify those relationships should be carefully scrutinized.  
4.23 Ecological vs. Geomorphic Characteristics 
 The results showed that the ecological evaluation method was more effective at 
measuring differences in the quality of restored stream reaches than the geomorphic evaluation 
method.  This was an unexpected result; it was expected that both approaches would perform 
equally well on their own.  
The benthic metrics used to evaluate the ecological condition of the water column in 
restored streams was shown to be an appropriate measure.  The PCA conducted on the metrics 
showed consistency through most measures when working at a family level of taxonomic 
identification.  The Simpson‟s Diversity metric may have shown less variance from the other 
three metrics (Family Richness, % EPT, and % Chironomidae) if identification was at a species 
level.  As metrics will show greater accuracy the lower the taxonomic identification proceeds 
(Jones et al. 2004).  However, a family level identification is considered to be an acceptable level 
of identification by OBBN (Jones et al. 2004), and were found to show acceptable resolution in 
this study.  The greatest relationship observed was found between % EPT and family richness. % 
EPT and family richness have been observed to show positive relationships in disturbed and 
undisturbed streams in the past (Compin and Céréghino 2003). Gage et al. (2004) also observed 
relationships between family richness and % EPT in high and low disturbance streams; low 
disturbance streams having higher family richness and % EPT.  Similarly, I observed that family 
richness increased with increasing %EPT, and therefore decrease respectively.   
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When the metrics were applied to the ecocriteria, the results showed clear distinction 
between test reaches found to be in either natural or disturbed reference, while placing the 
remaining restored test reaches on a continuum between.  Some of the unexplained variation in 
ecological results observed may be due to the inability to capture all the environmental 
influences on the ecological integrity of these reaches; as the streams were geographically 
situated in intense urban landscape they are subject to various stressors.  The presence of 
increased flows due to impervious surfaces, as well as concentrations of road salt, metals and 
hydrocarbons known to be in urban stormwater runoff are just a few variables that are difficult to 
account for (Pitt 1995; Duke et al. 1999; Paul and Meyer 2001; Gresens et al. 2007).  
The geomorphic protocol developed for the use of this study was found to be inaccurate 
and not as effective as the ecological evaluation of the stream reaches tested. Observed stress in 
non-metric multi-dimensional scaling ordination showed that the scale and/or metrics used in the 
test were not reliable.  Further indication of the unreliability of the geomorphic index, was that it 
was not able to accurately show distinct differences between Bray-Curtis variation from natural 
to disturbed reference condition.  Most restored test sites showed near zero variation from both 
disturbed and natural reference reaches; whereas, the ecological approach defined clear variation 
among test and reference sites.  However, in both approaches all test sites remained somewhere 
between disturbed and natural condition.  As previous studies have indicated there are strong 
relationships between benthic communities and the environment they live in.  The presence of 
stable geomorphic conditions has been found to contain twice as many taxa of macroinvertebrate 
species (Chessman et al. 2006).  Therefore it would have been expected that variation in a reach 
would appear to be similar; the ability to show such relationships is important.  
However, due to the minimal variation observed between natural and reference in the 
geomorphic approach it suggests that further alterations and trials are required to produce an 
index that can accurately depict the stability and habitat condition of a stream reach.  As one 
objective of the study was to test a new approach to geomorphic assessment, a failure to produce 
strong results, further suggests that a strong rapid geomorphic assessment technique for 
southwestern Ontario is needed.  Current geomorphic and habitat assessment practices used in 
Ontario such as the current Rapid Geomorphic Assessment (RGA) are qualitative or highly time 
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intensive field exercises as conducted by Annable (1996).  Rapid habitat assessment (RHA) 
techniques in Ontario follow a similarly to the geomorphic, and have also been adopted from 
elsewhere (Plafkin et al. 1989; Ciesielka and Bailey, 2007).  This study simply illuminates the 
fact that further questions need to asked in relation to the ability of successfully quantify the 
geomorphic state of streams. Continued work on this approach should seek to test other 
geomorphic indicators (e.g.  organic material), as well as address specific issues related 
measuring rooting depth: bank height ratio in the visible absence of roots on the channel and 
difference between various root types (i.e. grass and woody vegetation).  Also, the re-evaluation 
of the scale adopted in the geomorphic index to determine whether the index adopted was weak 
compared to the indicators used within it. 
4.3 Implications and Future Uses 
 Today‟s use of restoration, specifically in and along watercourses as well as other aquatic 
environments is growing ever more popular (Choi, 2004), both as a field of research and activity 
undertaken by various organizations. As activities continue to occur in and around watercourses, 
specific characteristics and monitoring activities are needed.  This will help to ensure that the 
activities being undertaken are substantiated and most importantly implemented with a rigorous 
monitoring program that is designed pre-restoration (Palmer et al. 2005).   
Through the use of this study, I demonstrated a basic approach to monitoring restored 
stream reaches that can be easily adopted in various landscapes and corresponding land uses.  
The protocol and its corresponding conceptual framework should be viewed as a method to 
evaluate baseline conditions of restored stream reaches. The practitioner should identify key 
stressors and chose appropriate indicators to reflect that will provide measures that are replicable 
through time.  Once again the importance of realistic goal setting is crucial and indicators should 
be developed to reflect them (Ehrenfeld 2000; Palmer et al. 2005; Giller 2005; Roni et al. 2005; 
in Roni, editor). Overall, the practitioner should identify realistic goals for the project if they 
have not been previously established.  
The methodological element of the restoration monitoring protocol described can be 
applied to numerous fields.  The importance of acknowledging the relationship between 
environmental variables in a system, illustrates the quality of the system that much more vividly; 
50 
illuminating stressors that may have otherwise gone unnoticed had not a broader approach been 
taken.  Therefore, causing restoration activities to continually fail, while potentially incurring 
negative results than the inherent good the project was intended to make.  In such cases, perhaps 
restoration of streams should look towards a more passive approach by allowing the streams to 
re-instate their own form of heterogeneity (Gillilan et al. 2005; Giller et al. 2005), while only 
actively removing stressors.  Whatever the restoration approach adopted the necessity for 
monitoring remains; not only for quality assurance, but to enhance restoration as a science by 
gaining knowledge of ecosystem response to alterations made through restoration. 
The use of reference conditions in restoration also contributes to the methodological 
framework, and overall application of the framework to different fields. 
In this, study I used the reference condition approach to determine the relative placement of 
restored test sites to disturbed and natural reference condition in the region.  This study expanded 
on the reference condition approach by also testing “test” reaches against a disturbed range. 
Reference condition approach in general compares observed stream condition of test reaches to 
an expected condition natural reference condition for a region. The practice of the reference 
condition approach can then categorize where a reach is in relation to reference and determining 
the “severity of the fail (Bailey et al. 2004).” However, the “severity of the fail” does not 
necessarily inform the practitioner whether the condition of the restored reach is more severe 
then what is believed to be pre-restoration conditions.  Therefore, simply testing restored reaches 
against natural reference does not provide the practitioner with sufficient information unless 
there was significant pre-restoration monitoring occurring on the reach.  Limited use of pre-
restoration data and extensive monitoring (Bash and Ryan 2002; Alexander and Allan 2007), 
means that developing a dataset of disturbed conditions for a region allows for a point of 
reference to begin monitoring on stream reaches that have already been restored and those of 
which that should be restored but lack sufficient data through time.  As Bailey et al. (2004) 
described, reference condition approach takes a step past traditional assessment and a great deal 
can be done with the approach.  As this study has exemplified, it allows restored reaches to be 
placed on a continuum between disturbed and natural reference states by describing variation in 
natural and disturbed communities. 
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However, it is important to acknowledge that this monitoring protocol does not give an 
exact position of the restored “test” sites in relation along the continuum between disturbed and 
natural reference.  Without pre-restoration data this would be impossible and without this data 
quantification of improvements from pre-restoration condition may have been made in the 
reaches which still appear to be in disturbed reference.  However, it is possible to say in relation 
to other un-restored disturbed streams that makeup the disturbed reference dataset that the 
restored stream‟s management strategy requires re-evaluation in order to improve conditions 
further.  For example, if a test reach was observed to maintain a benthic community and 
geomorphic characteristics similar to disturbed reaches, a practitioner has reasonable evidence to 
suggest that re-evaluation of the restoration strategy is required.  In the case of a restored reach 
observed to have characteristics similar to a natural reference condition that the restoration 
strategy employed has been successful. 
Several items should be addressed when adopting the monitoring protocol devised in my 
study.  First, a larger sample size of reaches particularly of reference reaches should be 
developed into the future, and used to establish a database.  Studies should focus primarily on the 
development of a strong quantitative based rapid geomorphic assessment technique; either 
building on the technique devised in my study or the creation of a new method. Finally, these 
studies should be conducted by individuals with a high level of understanding (minimum of 
graduate student level) for fluvial process and aquatic ecology and be able to incorporate 
concepts of ecological restoration.  
4.4 Conclusions 
 From this study, I propose that through the appropriate use of ecological and geomorphic 
assessment as depicted in the conceptual framework, a stream restoration monitoring protocol 
can be established and successfully practiced in the field.  The underlying concepts of the 
framework show that through the use, and adaptation of the reference condition approach that the 
relative placement of restored test reaches in a disturbed to natural reference condition 
continuum can be accomplished.  This is an important element when considering future 
management of restored streams, and determining the trajectory that managers should take. 
52 
To date in southwestern Ontario streams the ecological measures used in this and other 
studies showed the greatest consistency in evaluating restored stream condition. Although the 
geomorphic technique and its corresponding index were observed to be weak it is recommended 
that a hybrid approach to stream restoration monitoring be used. This will allow for capture of 
the relationships between aquatic ecological and geomorphic conditions and their affects on 
overall stream health that may otherwise be missed with a pure ecological assessment.  
Therefore, I recommend that further studies test the effectiveness of geomorphic assessment 
techniques in southwestern Ontario. These trials should be conducted outside of the restoration 
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Appendix A – Ecological Sampling Methods 





Appendix B – Geomorphic Sampling Methods 
 
Figure 7. Geomorphic assessment field template used in Spring 2007 assessments. 
 










Sieve Size (mm) 
Gravel 38.1 25.4 15.87 9.52 6.35 4.76 2.00 
Sand 0.59 0.30 0.26 0.12    






Table 22. Limiting shear stress and velocity for non-cohesive sediments (Vermont Agency of 











  D(mm) Vc (m/s) for shear 
Boulders     
Very Large 2032 1.328928 
Large 1016 0.938784 
Medium 508 0.67056 
Small 254 0.469392 
Cobble     
Large 127 0.329184 
Small 63.5 0.2286 
Gravels     
Very Coarse 33.02 0.158496 
Coarse 15.24 0.109728 
Medium 7.62 0.073152 
Fine 4.064 0.051816 
Very Fine 2.032 0.036576 
Sands     
Very Coarse 1.016 0.021336 
Coarse 0.508 0.016764 
Medium 0.254 0.013716 
Fine 0.127 0.012192 
Very Fine 0.0762 0.010668 
Silts     
Coarse 0.0508 0.009144 
Medium 0.0254 0.00762 
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Figure 8. Clair Creek restored site photograph of two riffle segments. 




Figure 10. Critter Creek Upstream restored riffle and pool segment. 

































Figure 10. Forwell Creek restored riffle and pool segments. 




















Figure 12. Natural reference reaches in Upper Laurel Creek. 
Figure 13. Disturbed reference reaches on N. Colonial Creek and S. Clair Creek. 
